The traditional exact method for inferring relationships between individuals from genetic data is not easily applicable in all situations that may be encountered in several fields of applied genetics. This study describes an approach that gives affordable results and is easily applicable; it is based on the probabilities that two individuals share 0, 1 or both alleles at a locus identical by state.
Background
The usual, long-established method of inferring relationships between individuals in forensic genetics is based on the population frequencies of the observed alleles and on the conditional probabilities of the observed genotypes, given two alternative hypothesized relationships [1] . In the more frequent instances, such as paternity testing of trios, or similar cases with deficiencies, well-known formulas have come into common use [2, 3] . However, in more complex cases where, for example, the relationship between pairs of individuals from large samples is under investigation, or where the DNA profile of a number of related individuals is known and we want to know the most likely relationships among them, these calculations become exceedingly complex. Each particular problem requires the development of specific formulas, necessitating either the expertise of highly specialized professionals, or recourse to suitable computer programs [4] [5] [6] [7] [8] these latter, on the other hand, require trained personnel to be used. In addition, the exact method assumes knowledge of allele frequencies at the marker loci, which often show considerable variability between ethnic groups.
Examples of 'difficult' situations sometimes encountered in forensic science include attribution to missing individuals of one or more body remains [9] , identification of the victims of mass disasters [10] , validation of large databases of individual genetic profiles [11] . Examples from other fields include linkage analysis (investigators may want to verify the true relationships existing among reported relatives [12, 13] ), natural and domestic population studies (to resolve kin structures in the wild [14] or confirm the stock source of animal food [15] ), and research in physical anthropology (in reconstructing genealogies when there are no civic records [16] , or inferring relationships in ancient cemeteries [17, 18] ).
The increasing availability of highly polymorphic genetic markers and their decreasing cost of typing provide high power of resolving the true biological relationship between individuals even with methods that use only part of the genetic information, being at the same time more easily applicable. The aim of this work is to generalize a method for inferring relationships between pairs of individuals, based on the probabilities (here called z 0 , z 1 , z 2 ) that two subjects with a given relationship share 0, 1 or 2 alleles identical by state at a locus. This approach was suggested by Chakraborty and co-authors [19, 20] , and was subsequently developed by others, generally in the context of genome wide linkage scans [21, 22] . We first show that the values of z i for a certain relationship depend on the heterozygosity of a locus (H) and very little on the particular distribution of its allele frequencies; this property allows us to obtain regression equations relating the values of z i to H for the more common relationships; then, we compare the results of our method with those of the conventional exact approach in large samples of motherchild and full-sib pairs. Finally, we examine a large database of gene frequencies of human populations typed for loci commonly used in forensic science. Based on results from this analysis, the z i values of the CODIS and other loci [23] are tabulated for Caucasian populations; these may be directly used by any scientist with the help of a calculator or a spreadsheet to compute the likelihood ratios of common alternative relationships between any pair of individuals. In more general cases, the equations relating z i to H provide an easy way to compute the z i values to be applied to each particular problem.
Results

Relationship between z i and H
We first worked out approximate equations connecting the probabilities of sharing 0, 1 or 2 alleles (z i ) to H for some common relationships and the loci more commonly used in forensic science. The rationale of this task was that these probabilities are exact functions of H when the loci are diallelic; in addition, the relationship between H and z i is linear for parent-child pairs regardless of the number of alleles (namely, z 0 = 0, z 1 = H, and z 2 = 1 -H, see Table 1 ). However, the dependence of z i on H is not exact for other familial relationships and multi-allelic loci, though it seems reasonable to anticipate that a kind of functional dependence still exists. To investigate this issue, we computed the z i values for many loci with a variable number of alleles covering a wide range of H, and examined their variation among the loci with similar values of heterozygosity. Exact z i values were computed for 19 STR markers commonly used in forensic practice (list in Figure 1 ); they included the 12 CODIS loci. Marker GC (3 alleles) showed the lowest heterozygosity (H = 0.558), and marker D2S1338 (12 alleles) the highest (H = .885). Fig. 1 shows a plot of the z i values as a function of H for the three relationships FS (full sibs), 2D (any 2.nd degree relationship), and NR (non-relatives). The least-square fitting of these data to a third-order polynomial equation is also shown. It may be seen that H is an excellent predictor of z. There is only minor residual variation of actual z i values around the values of the interpolated equations. In addition, it appears that a third order polynomial is sufficient to obtain adequate approximation over the examined H range. The limit for H → 1 of the z i is of interest. When H = 1, all unrelated individuals are heterozygous for different alleles, and the probability that two siblings share 0, 1 or both alleles coincides with the identity by descent (IBD) probabilities, or 0.25, 0.5 and 0.25, respectively. It may be seen in Fig. 1 that the markers with highest H are in fact approaching these limits. Conversely, the probability of sharing 0 alleles approaches 1 for unrelated individuals, whereas the probability of sharing both alleles vanishes. This is what we see in Fig. 1 , particularly in the case of two non-relatives sharing both alleles. All that gives an intuitive justification of the observed strict dependence of the z i values on H. Table 2 shows the polynomial regression equations fitting the six data series. These equations provide a general way
Figure 1
Relationship between heterozygosity and z i Probabilities of sharing 0, 1 or both alleles at 19 loci as a function of locus heterozygosity for three common relationships (Full sibs, 2 nd degree and non-relatives). Lines represent third-order polynomial regression curves. 
Locus heterozygosity
to compute the values of z 0 , z 1 , and z 2 for any multi-allelic marker based on its heterozygosity. We used these equations to calculate the likelihood ratio (LR) of alternative relationships between individual pairs, in order to compare the statistical power of the IBS method with that of the exact method.
LRs compared between the IBS method and the exact method
Our historical series of disputed paternity trios (mother/ child/alleged father) included 102 cases, typed for a variable number of markers. We selected the mother and the child from each trio, and computed the probabilities that they were true parent-child pairs and non-relative pairs for each locus using both the conventional method and the Table 1 and 2). The two resulting LRs were converted to logarithm to base 10, and these were summed over all loci. The final values produced by the two methods were thus directly comparable. Fig. 2A shows the results of this analysis. Each point represents a parent-child pair, where the X axis is the log(LR) computed by the exact method and the Y axis is the log(LR) computed by the IBS method. In case of perfect correspondence between the two methods, the points would lay on the diagonal line. Fig. 2B shows the same analysis applied to full-sib data.
IBS method (equations from
In both cases, the majority of points were located below the diagonal line. This means that the exact method is generally more powerful than the IBS method. Table 3 shows, for increasing values of log(LR), the percentage of pairs with values higher than that value, for both the PC and the FS pairs. The table also report the LRs in linear scale and the associated probabilities. For example, 85.3% of PC pairs get a probability >95% of being PC rather than unrelated using the exact method, versus 75.5% using the IBS method; for the FS pairs, the corresponding percentages are 77.5 and 72.5. At the probability level of 99%, the percentages are 74.5 vs. 50.0 for PC pairs and 71.3 vs 63.8 for FS pairs. It appears that a decreasing fraction of pairs get very high probability values using the IBS method. In other words, the exact method produces LRs comparably higher when the available information to infer relationships is very high. However, the two methods produce comparable results at the probability levels usually considered in the scientific work (95% or 99%). It is also noteworthy that in a relevant percentage of cases (26 out of 102 PC pairs, or 25%, and 18 out of 80 FS pairs, or 23%) the IBS method provided higher evidence for the correct relationship. This means that it may be particularly useful to apply both methods to borderline cases. In addition, the two methods produced highly correlated values. The values of Pearson correlation coefficients were 0.789 for PC pairs and 0.892 for FS pairs. We computed the LRs that the true FS pairs were HS pairs by the same approach (data not shown), and the correlation between the two methods was still higher (r = 0.962). This means that the values produced by the exact method can be predicted using the IBS method with good confidence, albeit after taking into account that the values of the exact method are on average higher than those produced by the IBS method. This may help deciding, for example, when the collected evidence for a certain problem is sufficient for the given purposes, or it is advisable to type additional loci, before embarking in complex calculations.
Variation of STR heterozygosity among populations
As locus heterozygosities are critical in determining the values of z 0 , z 1 , z 2 , we investigated its variation among human populations. We extracted the allele frequency data from "The Distribution of the Human DNA-PCR Polymorphisms" on-line database, and computed heterozygosities and their standard deviations of 122 different population samples. These included a total of 452 values of H from 17 loci (the D16S539 locus was added to the database later, and it was not considered in this analysis).
Figure 2
Contrasting likelihood ratios between the exact and the IBS method Likelihood ratios that 102 true parentchild pairs (top) are parent-child pairs rather than non-relatives, conditional on their genotypes at multiple loci, calculated by the exact method (X axis) and by the IBS method (Y axis). Bottom: same analysis applied to 80 true full-sib pairs. In conclusion, the Basques, the Croatians and Italians were outliers for two loci each (the first two with low H, the last with high H), and Argentina, Finland, Hungary and USA were outlier for a single locus each. Figure 3 shows a plot of H of all tested populations; loci are ordered by increasing value of the weighted mean of H. The populations that had outlier re-sults at the test are indicated; in addition, it may be noted that the Basques scored lowest in H for three additional loci (F13B, F13A1, and D18S51), though the test was non-significant in these cases; similarly, the sample from Croatia showed a markedly lower heterozygosity than the average for a locus (TPOX) that was not significant at the test. These analyses show that marker heterozygosity is sufficiently stable across a major ethnic group as to permit in most cases the use of a single averaged value for its subpopulations, apart from special cases. Table 4 shows the values of the z i values computed by the equations of Table 2 for PC, FS, 2D, and NR pairs for the Caucasian populations and for 18 markers, including CO-DIS loci and other commonly used STRs. These values may be directly used to infer the relationship existing between pairs of individuals, when they are assumed to come from a Caucasian population that has no particular reasons of being more inbred than average. In other cases, equations from table 2 may be used to calculate the appropriate z i values by supplying a population-specific value for H.
Discussion
Inferring the biological relationships existing between two or more specimens using genetic polymorphisms is a cornerstone task in forensic science, which is also encountered in a variety of problems of applied genetics. Application of the conventional exact method requires three critical steps: 1) identification of the correct genotype combination for each locus (among seven possible types); 2) identification of the allele(s) whose frequency must be entered into the appropriate formula; 3) identification of the proper allele frequencies to be used in the calculation.
Steps 1 and 2 are computationally tricky; if large databases have to be examined to identify first-degree relatives among unrelated individuals, one must recourse to programs developed by experts. Point 3 is also computationally not trivial (it requires to look up values in external tables to be imported into the specific formula appropriate for each pair), but it is also critical from a conceptual point of view, as sometimes we are uncertain about the allele frequencies that are appropriate for a given problem. This latter problem is particularly important, for example, in mass disasters, when large numbers of ethnically diverse victims must be screened against large numbers of possible relative matches. In such a situation, use of H in the IBS method may be much more appropriate than using incorrect "average" values of allele frequencies in the exact method. Once a match has been made for a pair of relatives, then its exact probabilities can be computed with the exact method using the ethnically appropriate allele frequencies.
In this study, we have shown that an approach based on the number of alleles shared IBS at each locus may be conveniently used for the purpose of inferring relationships. In this method, the probability of a certain relationship, given the genotypes observed in a pair, depends on a sin-
Figure 3
Heterozygosities of 17 loci in samples from 27 Caucasian populations For each locus, the populations that resulted outliers at the Tukey multiple comparison test are indicated (bold); populations in brackets were non-significant at the test, though they point to samples with heterozygosity consistently lower than average (Basques and Croatians). gle parameter, the locus heterozygosity (H). This makes it easy to handle even large volume of data in a single spreadsheet, since these probabilities depend on the number of shared alleles (0, 1 or 2) and on a constant (H). For example, Presciuttini et al. [17] were interested in the relationships connecting 26 individuals buried in a 18th century cemetery; application of the IBS method to all possible pairs of this sample was not only computationally easier than the exact method, but it was also theoretically more robust, as it did not require making inferences about the allele frequencies that characterized the population, but only required assumptions about H. The functional dependence on H is one of the main advantages of the IBS approach. Heterozygosity, being a composite parameter, is inherently less variable among populations than individual allele frequencies. To examine this issue in real data, we analysed the sampling variance of H in a large database of allele frequencies, and concluded that heterozygosity is sufficiently homogeneous, at least among Caucasian populations, as to justify the adoption of a single common mean value, apart from special cases of historically isolated groups. Based on this observation, we tabulated the values of the z i for the more common relationships and the more frequently used loci. The values of H of these 18 loci span from 0.632 (TPOX) to 0.878 (D18S51), thus covering a wide range of values. This table has two main applications. The first concerns all those studies in which the individuals belong to a population whose allele frequencies are unknown (e.g., immigrants from poorly investigated ethnic groups or large samples of ethnically mixed victims and putative relatives); in this situation, applying the exact method is problematic, due to the uncertainty about the proper allele frequencies to be used, whereas the IBS method is straightforward. The second application concerns the cases where a new locus has been typed in a certain population, maybe of an animal species, and its heterozygosity is known; in this case, one may use the tabulated values of a locus with a similar heterozygosity, or may interpolate them (for out-of-range loci, or for more precise results, the regression equations may be used). More generally, using the tabulated z i values makes it easy to obtain a first-hand inference about the relationship between any two samples by simple inspection of genotype data. One may write down, given the number of alleles the pair shares at a locus, the corresponding probabilities of any two relationships to be tested, and then multiply the ratios of the two probabilities across all typed loci. The exact approach is more cumber- Probabilities of sharing 0, 1, or 2 alleles at 18 loci commonly used in the forensic practice, and for the indicated relationships, ordered by increasing value of heterozygosity (corresponding to parent-child z 1 values); heterozygosity values were computed as weighted means among Caucasian populations.
some and error prone, as it requires a table of formulas to  be applied to each genotype combination and a table of allele frequencies from which one obtains the correct frequencies.
The main disadvantage of the IBS method is, of course, its reduced power. If the results are part of a legal case, all available information must be used to support a given hypothesis, and the exact method must always be used if it is applicable. However, there are many instances in which a standard significance level (0.05 or 0.01) is acceptable for screening a large database or to draw provisional scientific conclusions, and the IBS method may reach these limits even with a small number of typed loci, at least for discriminating first-degree relatives from non-relatives.
A worked example may be useful. Table 5 shows the genotypes at all 13 typed markers for a particular sib pair of our series (marked with an arrow in Fig. 2 ). This pair was chosen for being the more discordant full sib pair, with a LR much higher under the conventional method (log(LR) = 6.4 vs 2.9, respectively). Table 5 compares, locus by locus, the results of the exact calculation (columns 4-7)
with the results of the IBS method (columns 8-10). For the exact calculation, the genotype combinations from Table 1A are listed, then the alleles whose frequency must be entered in the appropriate equations are shown, and the likelihood ratios that these two subjects were full sibs rather than non-relatives are calculated. The logarithm of the product of all LRs and corresponding probability are indicated in the last rows. The next three columns show the likelihood ratios computed according to the IBS method. Given the observed number of shared alleles between the two subjects, the LRs of these relationships were obtained by looking for the appropriate values in Table 4 . For the two markers LPL and D19S253 (not included in Table 4 ), the probabilities of sharing the observed number of alleles and the corresponding LRs were obtained using the equations of Table 2 , with heterozygosities computed from sample data.
In Table 5 , markers are arranged in decreasing order of the ratio between the two LRs (last column). It may be seen that the three topmost markers provide most of the bias in favor of the exact method, and this is clearly the consequence of the occurrence, in this particular pair, of rare alleles. This highlights the major difference between the two methods. In the exact method, the frequencies of the observed alleles are both necessary for the calculation and critical. They are necessary because they contain all information we can use for inference, and they are critical because small changes of their values may cause large variations of the resulting likelihood ratios. The exact method assumes the allele frequencies are known without error; if they are misspecified (because of poor quality of published estimates, inadequate information about the ethnicity of the members of the putative pair, etc.), then the results of the exact method will be incorrect. When the alleles shared by any two individuals are rare, the LR that they are related may reach high values. In the IBS method, the frequencies of the observed alleles are irrelevant, so that we do not expect to find high peaks of LR in any pair. However, the occurrence of rare alleles in random pairs of individuals is also rare, so that, on the average, the power of the IBS method is not much lower than that of the exact method. This was apparent in our analysis of true parentchild and full-sib pairs; the exact method produced a tail of pairs with very high LR, whereas the IBS method appeared to be more constrained in the upper bound.
Conclusions
In conclusion, the IBS method presented here may be conveniently used as a preliminary approach to investigate the relationship existing between any pair of individuals. It can be applied by anybody using a desk calculator or a spreadsheet. Future work based on extensive computer simulations will address issues that we have not examined here. These include analysis of statistical power (which requires considering the distribution of LR when assumed relationships are false), the effects of typing errors and gene mutations, the robustness of the method to deviations in any of the assumptions (such as taking average H values).
Using the IBS method may help deciding when the collected evidence for a certain problem is sufficient for the purposes, or it is advisable to type additional loci, before embarking in exact calculations. In addition, the IBS method's using of estimates of H rather than of allele frequencies makes the IBS method particularly attractive in all those cases where ethnicity pose a problem, since H varies less across ethnicities. Furthermore, the results of the IBS method may even be accepted without further analyses in certain circumstances, since the LRs are highly correlated with those calculated by the exact method. Of course, the exact method should always follow IBS analysis when the results are critical to living human subjects.
Methods
Methodology outline
The conventional approach to determine the biological relationship existing between pairs of individuals is based on the probability P(X|R) of the observed marker genotypes (X), conditional on a certain relationship R. Here, X may be a multi-locus genotype. The collected evidence is then summarized in the form of a likelihood ratio of two alternative hypotheses, the probability of observation X given the relationship R1 and the probability of the same observation X given the relationship R2. Seven possible configurations of genotypes (regardless of order) are gen-erally possible for two individuals and a multi-allelic locus [24] ; Table 1A shows the formulas expressing P(X|R) for the following four relationships: 1) parent-child (PC), 2) full sibs (FS), 3) second degree relationships, including half sibs, avuncular pairs, and grandparent-grandchild pairs (2D), and 4) non-relatives (NR), as a function of the allele frequencies at a single locus.
In the IBS method, we consider the probabilities P(Z|R) that two individuals share 0, 1 or 2 alleles identical by state (Z) at a locus (again, Z may be a multi-locus vector), given a certain relationship R. Thus, the particular genotypes observed in each individual are irrelevant, as the observed variable Z is the number of alleles they have in common. In the case of a diallelic locus, these probabilities (z 0 , z 1 , z 2 , for Z = 0, Z = 1, and Z = 2, respectively) were easily obtained for the most common relationships as simple functions of the locus heterozygosity H (Table 1B) . As the number of alleles increases, the values of z 0 , z 1 , z 2 show increasing departures from those predicted by the diallelic formulas; only the linear relation of parent-child pairs remains valid for any value of H and for any number of alleles. For example, z 0 is still H 2 /2 in the case of a triallelic locus and a pair of non-relatives (Table 1) , whereas z 2 = 1 -2H + H 2 + 2(p 2 q 2 + p 2 r 2 + q 2 r 2 ). If the last term of this equation were = H 2 /2, the equation would have been identical to that shown in Table 1 ; in contrast, this term is smaller than H 2 /2 by three cross-product terms (4p 2 qr, 4pq 2 r, and 4pqr 2 , respectively), so that z 2 cannot be expressed as a simple function of H. Of course, the value of z 1 is higher than that predicted by the diallelic formula of the same amount. In the case of a locus with four alleles, even the value of z 0 is different from H 2 /2. This suggests that the z i values of multi-allelic loci, albeit being related to H, are not exact functions of it.
Computation of exact z i values for markers with arbitrary numbers of alleles and for the four above relationships was obtained by first determining the population probability of all possible genotype pairs for each locus; this was accomplished by listing all possible genotype pairs for each locus and then applying to each pair the exact formulas of Table 1A . The number of shared alleles (Z) was also determined for each pair, and the values of z i were simply calculated by summing together the probabilities of all pairs for the three different values of Z. In this procedure, we used allele frequencies from the databases currently used in our forensic casework studies; these values were also used in computing likelihood ratios of different relationships for parent-child pairs. The obtained exact z i values were fitted to third-order polynomial equations, where the independent variable was the locus heterozygosity. Calculations applied to the most discordant pair from Fig. 2 are fully displayed. (1) from Table 1A ; (2) calculated from full-sib sample data; (3) FS rather than NR, computed using formulas from Table 1A ; (4) computed from sample data; (5) FS rather than NR, computed from values in Table 3 or applying formulas from Table 2 to the displayed H values.
